
ar
X

iv
:h

ep
-e

x/
04

03
03

2 
v2

   
20

 M
ar

 2
00

4

FERMILAB-PUB-04/036-Esubmitted to PRLSear
h for B0s ! �+�� and B0d ! �+�� De
aysin pp Collisions at ps = 1:96 TeVD. A
osta,15 T. A�older,8 T. Akimoto,53 M.G. Albrow,14 D. Ambrose,42 S. Amerio,41D. Amidei,32 A. Anastassov,49 K. Anikeev,30 A. Annovi,43 J. Antos,1 M. Aoki,53G. Apollinari,14 T. Arisawa,55 J-F. Arguin,31 A. Artikov,12 W. Ashmanskas,2 A. Attal,6F. Azfar,40 P. Azzi-Ba

hetta,41 N. Ba

hetta,41 H. Ba
ha
ou,27 W. Badgett,14 A. Barbaro-Galtieri,27 G.J. Barker,24 V.E. Barnes,45 B.A. Barnett,23 S. Baroiant,5 M. Barone,16G. Bauer,30 F. Bedes
hi,43 S. Behari,23 S. Belforte,52 G. Bellettini,43 J. Bellinger,57D. Benjamin,13 A. Beretvas,14 A. Bhatti,47 M. Binkley,14 D. Bisello,41 M. Bishai,14R.E. Blair,2 C. Blo
ker,4 K. Bloom,32 B. Blumenfeld,23 A. Bo

i,47 A. Bodek,46 G. Bolla,45A. Bolshov,30 P.S.L. Booth,28 D. Bortoletto,45 J. Boudreau,44 S. Bourov,14 C. Bromberg,33E. Brubaker,27 J. Budagov,12 H.S. Budd,46 K. Burkett,14 G. Busetto,41 P. Bussey,18K.L. Byrum,2 S. Cabrera,13 P. Cala�ura,27 M. Campanelli,17 M. Campbell,32 A. Canepa,45M. Casarsa,52 D. Carlsmith,57 S. Carron,13 R. Carosi,43 A. Castro,3 P. Catastini,43 D. Cauz,52A. Cerri,27 C. Cerri,43 L. Cerrito,22 J. Chapman,32 C. Chen,42 Y.C. Chen,1 M. Chertok,5G. Chiarelli,43G. Chla
hidze,12 F. Chlebana,14 I. Cho,26 K. Cho,26 D. Chokheli,12 M.L. Chu,1S. Chuang,57 J.Y. Chung,37 W-H. Chung,57 Y.S. Chung,46 C.I. Ciobanu,22 M.A. Cio

i,43A.G. Clark,17 D. Clark,4 M. Co
a,46 A. Connolly,27 M. Convery,47 J. Conway,49M. Cordelli,16 G. Cortiana,41 J. Cranshaw,51 J. Cuevas,9 R. Culbertson,14 C. Currat,27D. Cyr,57 D. Dagenhart,4 S. Da Ron
o,41 S. D'Auria,18 P. de Barbaro,46 S. De Ce

o,48G. De Lentde
ker,46 S. Dell'Agnello,16 M. Dell'Orso,43 S. Demers,46 L. Demortier,47M. Deninno,3 D. De Pedis,48 P.F. Derwent,14 T. Devlin,49 C. Dionisi,48 J.R. Dittmann,14P. Doksus,22 A. Dominguez,27 S. Donati,43 M. Donega,17 M. D'Onofrio,17 T. Dorigo,41V. Drollinger,35 K. Ebina,55 N. Eddy,22 R. Ely,27 R. Erba
her,14 M. Erdmann,24 D. Errede,22S. Errede,22 R. Eusebi,46 H-C. Fang,27 S. Farrington,28 I. Fedorko,43 R.G. Feild,58M. Feindt,24J.P. Fernandez,45 C. Ferretti,32 R.D. Field,15 I. Fiori,43 G. Flanagan,33 B. Flaugher,141



L.R. Flores-Castillo,44 A. Foland,19 S. Forrester,5 G.W. Foster,14 M. Franklin,19 H. Fris
h,11Y. Fujii,25 I. Furi
,30 A. Gajjar,28 A. Gallas,36 J. Galyardt,10 M. Gallinaro,47 M. Gar
ia-S
iveres,27 A.F. Gar�nkel,45 C. Gay,58 H. Gerberi
h,13 D.W. Gerdes,32 E. Ger
htein,10S. Giagu,48 P. Giannetti,43 A. Gibson,27 K. Gibson,10 C. Ginsburg,57 K. Giolo,45M. Giordani,52 G. Giurgiu,10 V. Glagolev,12 D. Glenzinski,14 M. Gold,35 N. Golds
hmidt,32D. Goldstein,6 J. Goldstein,40 G. Gomez,9 G. Gomez-Ceballos,30 M. Gon
harov,50O. Gonz�alez,45 I. Gorelov,35 A.T. Goshaw,13 Y. Gotra,44 K. Goulianos,47 A. Gresele,3C. Grosso-Pil
her,11 M. Guenther,45 J. Guimaraes da Costa,19 C. Haber,27 K. Hahn,42S.R. Hahn,14 E. Halkiadakis,46 R. Handler,57 F. Happa
her,16 K. Hara,53 M. Hare,54R.F. Harr,56 R.M. Harris,14 F. Hartmann,24 K. Hatakeyama,47 J. Hauser,6 C. Hays,13H. Hayward,28 E. Heider,54 B. Heinemann,28 J. Heinri
h,42 M. Henne
ke,24 M. Herndon,23C. Hill,8 D. Hirs
hbuehl,24 A. Ho
ker,46 K.D. Ho�man,11 A. Holloway,19 S. Hou,1M.A. Houlden,28 B.T. Hu�man,40 Y. Huang,13 R.E. Hughes,37 J. Huston,33 K. Ikado,55J. In
andela,8 G. Introzzi,43 M. Iori,48 Y. Ishizawa,53 C. Issever,8 A. Ivanov,46 Y. Iwata,21B. Iyutin,30 E. James,14 D. Jang,49 J. Jarrell,35 D. Jeans,48 H. Jensen,14 E.J. Jeon,26M. Jones,45 K.K. Joo,26 S. Jun,10 T. Junk,22 T. Kamon,50 J. Kang,32 M. Karagoz Unel,36P.E. Kar
hin,56 S. Kartal,14 Y. Kato,39 Y. Kemp,24 R. Kephart,14 U. Kerzel,24V. Khotilovi
h,50 B. Kilminster,37 D.H. Kim,26 H.S. Kim,22 J.E. Kim,26 M.J. Kim,10M.S. Kim,26 S.B. Kim,26 S.H. Kim,53 T.H. Kim,30 Y.K. Kim,11 B.T. King,28 M. Kirby,13L. Kirs
h,4 S. Klimenko,15 B. Knuteson,30 B.R. Ko,13 H. Kobayashi,53 P. Koehn,37D.J. Kong,26 K. Kondo,55 J. Konigsberg,15 K. Kordas,31 A. Korn,30 A. Korytov,15K. Kotelnikov,34 A.V. Kotwal,13 A. Kovalev,42 J. Kraus,22 I. Krav
henko,30 A. Kreymer,14J. Kroll,42 M. Kruse,13 V. Krutelyov,50 S.E. Kuhlmann,2 N. Kuznetsova,14 A.T. Laasanen,45S. Lai,31 S. Lami,47 S. Lammel,14 J. Lan
aster,13 M. Lan
aster,29 R. Lander,5 K. Lannon,37A. Lath,49 G. Latino,35 R. Lauhakangas,20 I. Lazzizzera,41 Y. Le,23 C. Le

i,24 T. LeCompte,2J. Lee,26 J. Lee,46 S.W. Lee,50 N. Leonardo,30 S. Leone,43 J.D. Lewis,14 K. Li,58C. Lin,58 C.S. Lin,14 M. Lindgren,6 T.M. Liss,22 D.O. Litvintsev,14 T. Liu,14 Y. Liu,17N.S. Lo
kyer,42 A. Loginov,34 M. Loreti,41 P. Loverre,48 R-S. Lu,1 D. Lu

hesi,41P. Lukens,14 L. Lyons,40 J. Lys,27 R. Lysak,1 D. Ma
Queen,31 R. Madrak,19 K. Maeshima,14P. Maksimovi
,23 L. Malferrari,3 G. Man
a,28 R. Marginean,37 M. Martin,23 A. Martin,58V. Martin,36 M. Mart��nez,14 T. Maruyama,11 H. Matsunaga,53 M. Mattson,56 P. Mazzanti,3K.S. M
Farland,46 D. M
Givern,29 P.M. M
Intyre,50 P. M
Namara,49 R. N
Nulty,282



S. Menzemer,30 A. Menzione,43 P. Merkel,14 C. Mesropian,47 A. Messina,48 T. Miao,14N. Miladinovi
,4 L. Miller,19 R. Miller,33 J.S. Miller,32 R. Miquel,27 S. Mis
etti,16G. Mitselmakher,15 A. Miyamoto,25 Y. Miyazaki,39 N. Moggi,3 B. Mohr,6 R. Moore,14M. Morello,43 T. Moulik,45 A. Mukherjee,14 M. Mulhearn,30 T. Muller,24 R. Mumford,23A. Munar,42 P. Murat,14 J. Na
htman,14 S. Nahn,58 I. Nakamura,42 I. Nakano,38 A. Napier,54R. Napora,23 D. Naumov,35 V. Ne
ula,15 F. Niell,32 J. Nielsen,27 C. Nelson,14 T. Nelson,14C. Neu,42 M.S. Neubauer,7 C. Newman-Holmes,14 A-S. Ni
ollerat,17 T. Nigmanov,43L. Nodulman,2 K. Oesterberg,20 T. Ogawa,55 S. Oh,13 Y.D. Oh,26 T. Ohsugi,21 T. Okusawa,39R. Oldeman,48 R. Orava,20 W. Orejudos,27 C. Pagliarone,43 F. Palmonari,43 R. Paoletti,43V. Papadimitriou,51 S. Pashapour,31 J. Patri
k,14 G. Pauletta,52 M. Paulini,10 T. Pauly,40C. Paus,30 D. Pellett,5 A. Penzo,52 T.J. Phillips,13 G. Pia
entino,43 J. Piedra,9 K.T. Pitts,22C. Plager,6 A. Pompo�s,45 L. Pondrom,57 G. Pope,44 O. Poukhov,12 F. Prakoshyn,12T. Pratt,28 A. Pronko,15 J. Proudfoot,2 F. Ptohos,16 G. Punzi,43 J. Radema
ker,40A. Rakitine,30 S. Rappo

io,18 F. Ratnikov,49 H. Ray,32 A. Rei
hold,40 V. Rekovi
,35P. Renton,40 M. Res
igno,48 F. Rimondi,3 K. Rinnert,24 L. Ristori,43 W.J. Robertson,13A. Robson,40 T. Rodrigo,9 S. Rolli,54 L. Rosenson,30 R. Roser,14 R. Rossin,41 C. Rott,45J. Russ,10 A. Ruiz,9 D. Ryan,54 H. Saarikko,20 A. Safonov,5 R. St. Denis,18 W.K. Sakumoto,46G. Salamanna,48 D. Saltzberg,6 C. San
hez,37 A. Sansoni,16 L. Santi,52 S. Sarkar,48K. Sato,53 P. Savard,31 P. S
hemitz,24 P. S
hlaba
h,14 E.E. S
hmidt,14 M.P. S
hmidt,58M. S
hmitt,36 L. S
odellaro,41 I. S�ligoi,16 T. Shears,28 A. S
ribano,43 F. S
uri,43 A. Sedov,45S. Seidel,35 Y. Seiya,39 F. Semeria,3 L. Sexton-Kennedy,14 M.D. Shapiro,27 P.F. Shepard,44M. Shimojima,53 M. Sho
het,11 Y. Shon,57 I. Shreyber,34 A. Sidoti,43 M. Siket,1 A. Sill,51P. Sinervo,31 A. Sisakyan,12 A. Skiba,24 A.J. Slaughter,14 K. Sliwa,54 J.R. Smith,5F.D. Snider,14 R. Snihur,31 S.V. Somalwar,49 J. Spalding,14 M. Spezziga,51 L. Spiegel,14F. Spinella,43 M. Spiropulu,8 P. Squilla
ioti,43 H. Stadie,24 A. Stefanini,43 B. Stelzer,31O. Stelzer-Chilton,31 J. Strologas,35 D. Stuart,8 A. Sukhanov,15 K. Sumorok,30 H. Sun,54T. Suzuki,53 A. Ta�ard,22 R. Ta�rout,31 S.F. Taka
h,56 H. Takano,53 R. Takashima,21Y. Takeu
hi,53 K. Takikawa,53 M. Tanaka,2 R. Tanaka,38 N. Tanimoto,38 S. Tapprogge,20M. Te

hio,32 P.K. Teng,1 K. Terashi,47 R.J. Tesarek,14 S. Tether,30 J. Thom,14A.S. Thompson,18 E. Thomson,37 P. Tipton,46 V. Tiwari,10 S. Tka
zyk,14 D. Toba
k,50K. Tollefson,33 D. Tonelli,43 M. Tonnesmann,33 S. Torre,43 D. Torretta,14 W. Tris
huk,31J. Tseng,30 R. Tsu
hiya,55 S. Tsuno,53 D. Tsyby
hev,15 N. Turini,43 M. Turner,283



F. Ukegawa,53 T. Unverhau,18 S. Uozumi,53 D. Usynin,42 L. Va
avant,27 A. Vai
iulis,46A. Varganov,32 E. Vataga,43 S. Vej
ik III,14 G. Velev,14 G. Veramendi,22 T. Vi
key,22R. Vidal,14 I. Vila,9 R. Vilar,9 I. Volobouev,27 M. von der Mey,6 R.G. Wagner,2R.L. Wagner,14 W. Wagner,24 R. Wallny,6 T. Walter,24 T. Yamashita,38 K. Yamamoto,39Z. Wan,49 M.J. Wang,1 S.M. Wang,15 A. Warburton,31 B. Ward,18 S. Was
hke,18D. Waters,29 T. Watts,49 M. Weber,27 W.C. Wester III,14 B. Whitehouse,54 A.B. Wi
klund,2E. Wi
klund,14 H.H. Williams,42 P. Wilson,14 B.L. Winer,37 P. Witti
h,42 S. Wolbers,14M. Wolter,54 M. Wor
ester,6 S. Worm,49 T. Wright,32 X. Wu,17 F. W�urthwein,7 A. Wyatt,29A. Yagil,14 U.K. Yang,11 W. Yao,27 G.P. Yeh,14 K. Yi,23 J. Yoh,14 P. Yoon,46 K. Yorita,55T. Yoshida,39 I. Yu,26 S. Yu,42 Z. Yu,J .C. Yun,14 L. Zanello,48 A. Zanetti,52 I. Zaw,19F. Zetti,43 J. Zhou,49 A. Zsenei,17 and S. Zu

helli,3(CDF Collaboration)1 Institute of Physi
s, A
ademia Sini
a, Taipei, Taiwan 11529, Republi
 of China2 Argonne National Laboratory, Argonne, Illinois 604393 Istituto Nazionale di Fisi
a Nu
leare, University of Bologna, I-40127 Bologna, Italy4 Brandeis University, Waltham, Massa
husetts 022545 University of California at Davis, Davis, California 956166 University of California at Los Angeles, Los Angeles, California 900247 University of California at San Diego, La Jolla, California 920938 University of California at Santa Barbara, Santa Barbara, California 931069 Instituto de Fisi
a de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain10 Carnegie Mellon University, Pittsburgh, PA 1521311 Enri
o Fermi Institute, University of Chi
ago, Chi
ago, Illinois 6063712 Joint Institute for Nu
lear Resear
h, RU-141980 Dubna, Russia13 Duke University, Durham, North Carolina 2770814 Fermi National A

elerator Laboratory, Batavia, Illinois 6051015 University of Florida, Gainesville, Florida 3261116 Laboratori Nazionali di Fras
ati, Istituto Nazionale di Fisi
a Nu
leare, I-00044 Fras
ati, Italy17 University of Geneva, CH-1211 Geneva 4, Switzerland18 Glasgow University, Glasgow G12 8QQ, United Kingdom4



19 Harvard University, Cambridge, Massa
husetts 0213820 The Helsinki Group: Helsinki Institute of Physi
s; and Division of High Energy Physi
s, Department of Physi
alS
ien
es, University of Helsinki, FIN-00044, Helsinki, Finland21 Hiroshima University, Higashi-Hiroshima 724, Japan22 University of Illinois, Urbana, Illinois 6180123 The Johns Hopkins University, Baltimore, Maryland 2121824 Institut f�ur Experimentelle Kernphysik, Universit�at Karlsruhe, 76128 Karlsruhe, Germany25 High Energy A

elerator Resear
h Organization (KEK), Tsukuba, Ibaraki 305, Japan26 Center for High Energy Physi
s: Kyungpook National University, Taegu 702-701; Seoul National University, Seoul151-742; and SungKyunKwan University, Suwon 440-746; Korea27 Ernest Orlando Lawren
e Berkeley National Laboratory, Berkeley, California 9472028 University of Liverpool, Liverpool L69 7ZE, United Kingdom29 University College London, London WC1E 6BT, United Kingdom30 Massa
husetts Institute of Te
hnology, Cambridge, Massa
husetts 0213931 Institute of Parti
le Physi
s, M
Gill University, Montr�eal, Canada H3A 2T8; and University of Toronto, Toronto,Canada M5S 1A732 University of Mi
higan, Ann Arbor, Mi
higan 4810933 Mi
higan State University, East Lansing, Mi
higan 4882434 Institution for Theoreti
al and Experimental Physi
s, ITEP, Mos
ow 117259, Russia35 University of New Mexi
o, Albuquerque, New Mexi
o 8713136 Northwestern University, Evanston, Illinois 6020837 The Ohio State University, Columbus, Ohio 4321038 Okayama University, Okayama 700-8530, Japan39 Osaka City University, Osaka 588, Japan40 University of Oxford, Oxford OX1 3RH, United Kingdom41 University of Padova, Istituto Nazionale di Fisi
a Nu
leare, Sezione di Padova-Trento, I-35131 Padova, Italy42 University of Pennsylvania, Philadelphia, Pennsylvania 1910443 Istituto Nazionale di Fisi
a Nu
leare, University and S
uola Normale Superiore of Pisa, I-56100 Pisa, Italy44 University of Pittsburgh, Pittsburgh, Pennsylvania 1526045 Purdue University, West Lafayette, Indiana 4790746 University of Ro
hester, Ro
hester, New York 1462747 The Ro
kefeller University, New York, New York 100215



48 Istituto Nazionale di Fisi
a Nu
leare, Sezione di Roma 1, University di Roma \La Sapienza," I-00185 Roma, Italy49 Rutgers University, Pis
ataway, New Jersey 0885550 Texas A&M University, College Station, Texas 7784351 Texas Te
h University, Lubbo
k, Texas 7940952 Istituto Nazionale di Fisi
a Nu
leare, University of Trieste/ Udine, Italy53 University of Tsukuba, Tsukuba, Ibaraki 305, Japan54 Tufts University, Medford, Massa
husetts 0215555 Waseda University, Tokyo 169, Japan56 Wayne State University, Detroit, Mi
higan 4820157 University of Wis
onsin, Madison, Wis
onsin 5370658 Yale University, New Haven, Conne
ti
ut 06520(Dated: Mar
h 20, 2004)Abstra
tWe report on a sear
h for B0s ! �+�� and B0d ! �+�� de
ays in pp 
ollisions at ps = 1:96 TeVusing 171 pb�1 of data 
olle
ted by the CDF II experiment at the Fermilab Tevatron Collider.The de
ay rates of these rare pro
esses are sensitive to 
ontributions from physi
s beyond theStandard Model. One event survives all our sele
tion requirements, 
onsistent with the ba
kgroundexpe
tation. We derive bran
hing ratio limits of B(B0s ! �+��) < 5:8 � 10�7 and B(B0d !�+��) < 1:5� 10�7 at 90% 
on�den
e level.PACS numbers: 14.40.Nd, 13.20.He
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The rare 
avor-
hanging neutral 
urrent de
ay B0s ! �+�� [1℄ is one of the mostsensitive probes to physi
s beyond the Standard Model (SM) [2-6℄. The de
ay has notbeen experimentally observed and the best previously published bran
hing ratio limit isB(B0s ! �+��) < 2:0 � 10�6 at 90% 
on�den
e level (CL) [7℄, while the SM predi
tion is(3:5�0:9)�10�9 [8℄. Similarly, the best previously published limit on the related bran
hingratio, B(B0d ! �+��) < 1:6�10�7 [9℄, is about three orders of magnitude larger than its SMexpe
tation. The B(B0s ! �+��) 
an be enhan
ed by one to three orders of magnitude invarious supersymmetri
 (SUSY) extensions of the SM. For example, minimal supergravitymodels at large tan� [3-5℄ predi
t B(B0s ! �+��) � O(10�7) in regions of parameter spa
ewhi
h a

ount for possible deviations of the muon anomalous magneti
 moment from its SMexpe
tation [10℄ and are 
onsistent with the observed reli
 density of 
old dark matter [11℄.Similarly, SO(10) models [6℄, theoreti
ally attra
tive be
ause they 
an naturally a

ommo-date neutrino masses, predi
t a bran
hing ratio as large as 10�6 in regions of parameterspa
e 
onsistent with these same experimental 
onstraints. R-parity violating SUSY models
an also a

ommodate B(B0s ! �+��) up to 10�6 [4℄. Correspondingly, the B(B0d ! �+��)
an be enhan
ed by the same models. Even modest improvements to the experimental limits
an signi�
antly restri
t the available parameter spa
e of these models.We report on a sear
h for B0s ! �+�� and B0d ! �+�� de
ays using data re
ordedby the upgraded Collider Dete
tor at Fermilab (CDF II) at the Tevatron pp 
ollider. TheCDF II dete
tor 
onsists of a magneti
 spe
trometer surrounded by 
alorimeters and muon
hambers and is des
ribed in detail in Ref. [12℄. The 
omponents relevant to this analysisare brie
y des
ribed here. A large-radius 
ylindri
al drift 
hamber (COT) provides 96measurement layers, organized into alternating axial and �2Æ stereo superlayers [13℄. A�ve-layer sili
on mi
rostrip dete
tor (SVX II) provides pre
ise tra
king information nearthe beamline [14℄. These are immersed in a 1:4 T magneti
 �eld and provide a pre
isemeasurement of 
harged parti
le momenta in the plane transverse to the beamline, pT .Four layers of planar drift 
hambers (CMU) outside the 
alorimeters dete
t muons withpT > 1:4 GeV=
 whi
h penetrate the �ve absorption lengths of 
alorimeter steel [15℄. Anadditional four layers of planar drift 
hambers (CMP) instrument 0:6 m of steel outsidethe magnet return yoke and dete
t muons with pT > 2 GeV=
 [16℄. The CMU and CMP
hambers ea
h provide 
overage in the pseudo-rapidity range j�j < 0:6, where � = � ln(tan �2)and � is the angle of the parti
le with respe
t to the beamline. The dataset reported here7




orresponds to an integrated luminosity of L = 171 � 10 pb�1 [17℄.The data used in this analysis are sele
ted by the dimuon triggers des
ribed here. Muonsare re
onstru
ted as tra
k stubs in the CMU 
hambers. Two well-separated stubs are re-quired and ea
h is mat
hed to a tra
k re
onstru
ted online by a hardware pro
essor usingCOT axial information [18℄. The mat
hed tra
ks must have pT > 1:5 GeV=
. A 
ompleteevent re
onstru
tion performed online then 
on�rms the pT and tra
k-stub mat
hing require-ments. If the overlapping CMP 
hambers 
ontain a 
on�rming muon stub, the mat
hedCOTtra
k is required to have pT > 3 GeV=
. The two tra
ks must originate from the same vertex,be oppositely 
harged, and have an opening angle in
onsistent with a 
osmi
 ray event. Theinvariant mass of the muon pair must satisfy M�+�� < 6 GeV=
2. Events in whi
h neithermuon is re
onstru
ted with a CMP stub must additionally satisfy p�+T + p��T > 5 GeV=
 andM�+�� > 2:7 GeV=
2. Events passing these requirements are re
orded for further analysis.Our o�ine analysis begins by identifying the muon 
andidates and mat
hing them to thetrigger tra
ks. To avoid regions of rapidly 
hanging trigger eÆ
ien
y, we omit muons whi
hhave pT < 2 GeV=
. To redu
e ba
kgrounds with at least one fake muon, stri
ter tra
k-stubmat
hing requirements are made and the ve
tor sum of the muon momenta must satisfyj~p �+��T j > 6 GeV=
. To ensure good vertex resolution, stringent requirements are made onthe number of SVX II hits asso
iated with ea
h tra
k. Surviving events have the two muontra
ks 
onstrained to a 
ommon 3-D vertex satisfying vertex quality requirements. The two-dimensional de
ay length, j~LT j, is 
al
ulated as the transverse distan
e from the beamlineto the dimuon vertex and is signed relative to ~p �+��T . For ea
h B-
andidate we estimate theproper de
ay length using � = 
M�+��j~LT j=j~p �+��T j. In the data, 2981 events survive all theabove trigger and o�ine re
onstru
tion requirements. This forms a ba
kground-dominatedsample with 
ontributions from two prin
ipal sour
es: 
ombinatori
 ba
kground events inwhi
h at least one of the legs is a fake muon and events from generi
 B-hadron de
ays(e.g. sequential semi-leptoni
 de
ays b ! 
��X ! �+��X or double semi-leptoni
 de
ayin gluon splitting events g ! bb ! �+��X). Using the best previously published limit asan estimate for the bran
hing ratio, we expe
t at most about 28 (9) B0s(d) ! �+�� de
aysto survive these 
uts.We model the signal B0s(d) ! �+�� de
ays using the Pythia Monte Carlo (MC) [19℄ tunedto reprodu
e the underlying event 
ontributions and the in
lusive B-hadron pT spe
trum asdetermined from the data [20℄. The Pythia generated events are passed through a full dete
-8
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FIG. 1: Distributions of the dis
riminating variables for events in our ba
kground-dominateddata sample (solid histograms) 
ompared to Monte Carlo B0s ! �+�� events (dashed histograms).Only events whi
h survive the trigger and o�ine re
onstru
tion requirements and have � > 0 arein
luded. The histograms are arbitrarily normalized.tor simulation and satisfy the same requirements as data. To normalize to experimentallydetermined 
ross-se
tions, we require the B0s(d) to have pT (B0s(d)) > 6 GeV=
 and rapidityjyj < 1.To further dis
riminateB0s(d) ! �+�� de
ays from ba
kground events we use the followingfour variables: the invariant mass of the muon pair (M�+��); the B-
andidate proper de
aylength (�); the opening angle (��) between the B-hadron 
ight dire
tion (estimated asthe ve
tor ~p �+��T ) and the ve
tor ~LT ; and the B-
andidate tra
k isolation (I ) [21℄. Figure 1shows the distributions of these variables for ba
kground-dominated data and MC simulatedsignal events.To avoid biasing our result, a \blind" analysis te
hnique is employed to determine theoptimal sele
tion 
riteria for these four variables. The data in the sear
h mass window5:169 < M�+�� < 5:469 GeV=
2 are hidden and the optimization performed using onlydata in the mass sideband regions, 4:669 < M�+�� < 5:169 GeV=
2 and 5:469 < M�+�� <5:969 GeV=
2. The sear
h region 
orresponds to mass windows approximately �4 times thetwo-tra
k invariant mass resolution 
entered on the B0s and B0d masses [22℄. We 
onsider a9



wide range of requirements and use the set of (M�+��, �, ��, I ) 
riteria whi
h minimizethe a priori expe
ted 90% CL upper limit on the bran
hing ratio. For a given number ofobserved events, n, and an expe
ted ba
kground of nbg, the bran
hing ratio is determinedusing: B(B0s ! �+��) � N(n; nbg)2�B0s L� �total ; (1)where N(n; nbg) is the number of 
andidate B0s ! �+�� de
ays at 90% CL, estimated usingthe Bayesian approa
h of Ref. [23℄ and in
orporating the un
ertainties into the limit. Thea priori expe
ted limit is given by the sum over all possible observations, n, weighted bythe 
orresponding Poisson probability when expe
ting nbg. The B0s produ
tion 
ross-se
tionat the Tevatron, �B0s , is estimated as �B0s = fsfu�B+, where fsfu = 0:1000:391 [24℄ and �B+ is takenfrom Ref. [25℄. For the B0d ! �+�� limit we substitute �B0d for �B0s , fd for fs, and assumefd = fu. The fa
tor of two in the denominator a

ounts for the 
harge-
onjugate B-hadron�nal states. The expe
ted ba
kground, nbg, and the total a

eptan
e times eÆ
ien
y, � �total,are estimated separately for ea
h 
ombination of requirements as des
ribed below.For both signal and ba
kground, the variables � and �� are the only signi�
antly 
orre-lated variables and have a linear 
orrelation 
oeÆ
ient of �0:3. This allows us to estimatethe number of ba
kground events as nbg = nsb(�;��) fI fM , where nsb(�;��) is the numberof sideband events passing a parti
ular set of � and �� 
uts, fI is the fra
tion of ba
kgroundevents expe
ted to survive a given I requirement, and fM is the ratio of the number of eventsin the sear
h mass window to the number of events in the sideband regions. Sin
e M�+��and I are un
orrelated with the rest of the variables, we 
an evaluate fM and fI on sampleswith no � or �� requirement, thus redu
ing their asso
iated un
ertainty.We estimate fI from the ba
kground-dominated sample des
ribed above for a variety ofpossible thresholds. We investigate possible sour
es of systemati
 bias by 
al
ulating fI inbins of M�+�� and � and 
onservatively assign a relative systemati
 un
ertainty of �5%.Sin
e the M�+�� distribution of the ba
kground-dominated sample is well des
ribed by a�rst-order polynomial, fM is given by the ratio of widths of the sear
h to sideband regions.Monte Carlo studies demonstrate that our estimate of nbg a

urately a

ounts for generi
bb 
ontributions to the ba
kground, while two-body de
ays of B-mesons (B0s(d) ! h+h�,where h� = �� or K�) are estimated to 
ontribute to the sear
h region at levels at leasttwo orders of magnitude below our expe
ted sensitivity.10



To build 
on�den
e in the ba
kground estimate, we 
he
k our predi
tion against obser-vation using these ba
kground-dominated 
ontrol samples: ���� events and �+�� eventswith � < 0. In ea
h sample we 
ompare the ba
kground predi
tions to the number ofevents observed in the sear
h mass window for a wide range of (�, ��, I ) requirements.No statisti
ally signi�
ant dis
repan
ies are observed. For example, using the optimizedset of sele
tion 
riteria des
ribed below and summing over these 
ontrol samples, we geta total predi
tion of 3 � 1 events and observe 5. An additional 
ross-
he
k is performedusing a fake muon enhan
ed �+�� sample. By requiring at least one of the muon legs tofail the muon identi�
ation requirements, we redu
e the signal eÆ
ien
y by a fa
tor of 50while in
reasing the ba
kground a

eptan
e by a fa
tor of three. In this sample, using theoptimized requirements, we predi
t 6� 1 and observe 7 events.We estimate the total a

eptan
e times eÆ
ien
y as � �total = � �trig �re
o ��nal, where �is the geometri
 and kinemati
 a

eptan
e of the trigger, �trig is the trigger eÆ
ien
y forevents in the a

eptan
e, �re
o is the o�ine re
onstru
tion eÆ
ien
y for events passing thetrigger, and ��nal is the eÆ
ien
y for passing the �nal 
uts on the dis
riminating variablesfor events satisfying the trigger and re
onstru
tion requirements. For the optimization, only��nal 
hanges as we vary the requirements on M�+��, �, ��, and I .The a

eptan
e is estimated as the fra
tion of B0s(d) ! �+�� MC events whi
h fallwithin the geometri
 a

eptan
e and satisfy the kinemati
 requirements of at least one ofthe triggers employed for this analysis. We �nd � = (6:6� 0:5)%. The un
ertainty in
ludesroughly equal 
ontributions from systemati
 variations of the modeling of the B-hadronpT spe
trum and longitudinal beam pro�le, and from the statisti
s of the sample. It alsoin
ludes negligible 
ontributions from variations of the beamline o�sets and of the dete
tormaterial des
ription used in the simulation.The trigger eÆ
ien
y is estimated from samples of J= ! �+�� de
ays sele
ted with atrigger requiring only one identi�ed muon. The data are used to parameterize the triggereÆ
ien
y as a fun
tion of pT and � for the unbiased muon. The eÆ
ien
y for B0s(d) ! �+��de
ays is determined by the 
onvolution of this parameterization with the (p�+T ; ��+; p��T ; ���)spe
tra of signal MC events satisfying the a

eptan
e requirements. In
luding the onlinere
onstru
tion and sele
tion requirements, the total trigger eÆ
ien
y is �trig = (85 � 3)%.The un
ertainty is dominated by the systemati
 un
ertainty a

ounting for kinemati
 dif-feren
es between J= ! �+�� and B0s(d) ! �+�� de
ays. It also in
ludes 
ontributions11



from variations in the fun
tional form used in the parameterization, the e�e
ts of two-tra
k
orrelations, and sample statisti
s.The o�ine re
onstru
tion eÆ
ien
y is given by the produ
t �re
o = �COT �� �SVX, where�COT is the absolute re
onstru
tion eÆ
ien
y of the COT for 
harged parti
les within thegeometri
 a

eptan
e, �� is the muon re
onstru
tion eÆ
ien
y given a COT tra
k, and �SVXis the fra
tion of re
onstru
ted muons whi
h satisfy the SVX II requirements. Ea
h termis a two-tra
k eÆ
ien
y. A hybrid data-MC method is used to determine �COT as follows.O

upan
y e�e
ts are a

ounted for by embedding COT hits from MC tra
ks in data events.The MC simulation is tuned at the hit level to reprodu
e residuals, hit width and hit usagein the data. For embedded muons with pT > 2 GeV=
, we measure �COT = 99%. Using theunbiased J= ! �+�� samples, we estimate the muon re
onstru
tion eÆ
ien
y, in
ludingthe tra
k-stubmat
hing requirements, to be 96%. A sample of J= ! �+�� events satisfyingour COT and muon re
onstru
tion requirements is used to determine �SVX = 75%. The totalre
onstru
tion eÆ
ien
y is given by the above produ
t, �re
o = (71 � 3)%. The un
ertaintyis dominated by the systemati
 un
ertainty a

ounting for kinemati
 di�eren
es betweenJ= ! �+�� and B0s(d) ! �+�� de
ays. It also in
ludes 
ontributions from the variation ofthe COT simulation parameters and sample statisti
s.The eÆ
ien
y ��nal is determined from the B0s(d) ! �+�� MC sample and varies from28� 78% over the range of (M�+�� , �, ��, I ) requirements 
onsidered in the optimization.The MC modeling is 
he
ked by 
omparing the mass resolution and �, ��, and I eÆ
ien
yas a fun
tion of sele
tion threshold for B+ ! J= K+(J= ! �+��) events. The B+ !J= K+ MC sample is produ
ed in the same manner as the B0s ! �+�� sample. TheB+ ! J= K+ data sample is 
olle
ted using dimuon triggers very similar to the triggersused in the analysis, but with a larger a

eptan
e for B+ ! J= K+ de
ays. We make thesame requirements on the dimuon tra
ks and vertex as employed in the analysis. The MCeÆ
ien
y reprodu
es the sideband-subtra
ted data eÆ
ien
y for a range of 
ut thresholdsand is 
onsistent within 5% (relative), whi
h is assigned as a systemati
 un
ertainty on ��nal.In both the data and the MC the mean of the three-tra
k invariant mass distribution iswithin 3 MeV=
2 of the world average B+ mass. The two-tra
k invariant mass resolution isalso well des
ribed by the MC.Using the pro
edure des
ribed above, the optimal set of sele
tion 
riteria is determinedto be a �80 MeV=
2 window around the B0s mass, � > 200 �m, �� < 0:10 rad and I > 0:65.12



The mass resolution, estimated from the MC for the events surviving all requirements, is27 MeV=
2 so that the B0d and B0s masses are readily resolved. We de�ne a separate sear
hwindow 
entered on the world average B0d mass. We use the same set of sele
tion 
riteriafor the B0d ! �+�� sear
h. The total a

eptan
e times eÆ
ien
y is � �total = (2:0 � 0:2)%for both the B0s ! �+�� and B0d ! �+�� de
ays.Using the optimized set of sele
tion 
riteria one event survives all requirements and hasan invariant mass of M�+�� = 5:295 GeV=
2, thus falling into both the B0s and B0d sear
hwindows as shown in Figure 2. This is 
onsistent with the 1:1 � 0:3 ba
kground eventsexpe
ted in ea
h of the B0s and B0d mass windows. Using Equation 1 we derive 90% (95%)CL limits of B(B0s ! �+��) < 5:8 � 10�7 (7:5 � 10�7) and B(B0d ! �+��) < 1:5 � 10�7(1:9� 10�7). The new B0s ! �+�� limit improves the previously best published limit [7℄ bya fa
tor of three and signi�
antly redu
es the allowed parameter spa
e of R-parity violatingand SO(10) SUSY models [4, 6℄. The B0d ! �+�� limit is slightly better than the re
entlypublished limit of the Belle Collaboration [9℄.
FIG. 2: The �+�� invariant mass distribution of the events in the sideband and sear
h regionssatisfying all requirements. The one event in the sear
h region falls into both the B0s and the B0dsear
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